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For N2(A) + H2, however, two different orientations of the reagents yield very different behavior. In a T config~ration,'~ with the N2 approaching the midpoint of the H2 bond, no mixing of the states occurs (because of differing symmetry) and a barrier of > 1.2 eV for access to the H2(b) + N2(X) surface is found. In a configuration with the H2 and N2 bond axes parallel to each other and approaching in C , symmetry, symmetry-allowed mixing is observed, and an adiabatic pathway from reagents to products results, but with a barrier of -0.5 eV.
As yet, no dynamical calculations have been carried out, but the considerably lower barrier in the parallel configuration suggests that the quenching process occurs principally by passage over the barrier. As the electronic transitions in CF3C1, CF2HCl, and H20 are expected to be u -u* or n -u* in the bond R-X to be broken, rather similar behavior may be found for the interactions of these species with N2(A). Such an analogy would provide an explanation for the low rate constants found for N2(A,v=O), with the increase in k, with v due to increased passage over the barrier. It is of interest, however, to attempt to reconcile this model, in which H2 distortion occurs before energy transfer is complete, with the picture of near-vertical transitions in N2 and RX, as suggested by the correlation of Figure 9 . The key is revealed by the calculations: the height of the barrier to cleavage of the H-H bond (R-X in general) is critically dependent on the N2 bond length, R ( N 2 ) . In particular, it is minimized for R ( N 2 ) -1.19 A, approximately midway between the bondlengths of N2(A) (Re = 1.29 A) and N2(X) (Re = 1.09 A) (which reflects the intimate mixing of the two electronic configurations in this region). This implies that, for optimum passage over the barrier, the N2 bond must be greatly compressed, and thus for a given N2(A,v) level, only a small fraction of collisions, in which N 2 is close to its inner turning point, has the possibility of surmounting the barrier. It is interesting that the empirical correlation leads to the same conclusion; examination of the terms contributing to ueff, eq 13, shows that even for v' = 0, transitions to v" = 0 and 1, at R(N2) close to R e ( N 2 ( X ) ) , are expected to be dominant. Thus, on both models, severe compression of the N2 bond is required; moreover, on both models, the probability of achieving this is given by a term that is closely related to the appropriate (v'v'') Franck-Condon factor.
The "chemical" model, involving passage over the barrier, is intriguing for a further reason. It is clear that certain trajectories will approach the barrier crest but fail to proceed completely to products. Because of the considerable energy transferred from N2 vibration into the H-H (or R-X) bond, it is possible that the result of such collisions will be H2 + N2(A,vf), with vf < vi (f = final, i = initial). Thus the surface properties provide a possible model for vibrational relaxation of N2(A). In particular, it is possible that the sharp transition, observed previously in N2(A) + D 2 0 and CF2HC1,9 from vibrational relaxation for u = 1 to electronic quenching for v > 1 by these reagents, can be understood in similar fashion.
In conclusion, it is hoped that this study may help "to bring experimentalists and theorists together and to show that the field of thermal elementary reaction kinetics is alive and well".38
Introduction
The temperature dependence of the kinetics of oxidation reactions of metallic free radicals represents a little-studied subject, of great practical importance.' Theoretical understanding and predictive ability are far less than for C/H/O/N type reaction^,^,^ for which a still inadequate, but much larger, experimental data base is available. We are engaged in providing an extensive set of rate coefficient data for AI species. Earlier results on reactions 
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The Journal of Physical Chemistry, Vol. 93, No. 3, 1989 1119 T,K 1000 500 400 and C 0 2 have been r e p~r t e d .~.~ Together these reactions show an interesting variety of In k versus T' relations, including approximately A r r h e n i~s ,~ zero or small negative activation energies:~~ and concave upward, best approximated by double exponential expression^.^^^ Reasonable, if not always conclusive, a posteriori explanations for all these cases can be gi~en.'.~,~-* In the present work, this effort has been extended to include the reactions
Over the present temperature ranges these reactions show, within experimental error, no deviation from linear Arrhenius In k(T) versus T' dependences.
Technique
The basic reactor design and methodology of the high-temperature fast-flow reactor (HTFFR) technique have been discussed,1o and details of the most recent design modifications have been
The reactor used here consists of a 60-cmlong, 2.2-cm4.d. vertical mullite reaction tube, surrounded by resistance heating elements, contained in an insulated vacuum housing. It has a usable temperature range from about 400 to 1800 K. Upstream of the reaction zone free A1 atoms are vaporized from an Al-wetted tungsten coil at about 1100-1300 K and are entrained in Ar bath gas. This coil can be resistanceheated directly from an independent power supply. For AlCl reactant production a trace of Clz, typically <0.005% of the Ar flow, is added to the bath gas. In earlier experiments it has been shown that this AlCl formation takes place, at least in part, from transition is similarly used. For effective removal of interference from the hot reactor walls, a 262-nm, 13-nm fwhm filter is placed in front of the EM1 98 13 QA photomultiplier tube for all these observations. The gases used are Ar from the liquid (99.998%) and C12 (99.5%) through the bath gas inlet, and 1% C12 (99.5%) in Ar (99.998%) or 5% HC1 (99.995%) in He (99.999%) through the oxidant inlet.
Plots of In [All,, or In [AICI] ,,I versus [Cl,] or [HCl] for fixed reaction zone lengths (fixed oxidant inlet positions) yield straight lines with slopes -kt, where t is reaction time. k at each experimental condition is determined by a weighted linear regress i~n .~* '~, '~ From this treatment a uk associated with each k is found. The uncertainty in temperature is estimated as UT = f 2 5 K.4*5 The temperature dependences of the rate coefficients for reactions 1-3 are best described by 
943.
1977, 16, 871. The parameters for this fit expression are obtained by using regression techniques, which account for uk and uT11*12 Since A and B are dependent parameters, determination of the uncertainties of the fit requires the covariance uAB, as well as the variances ffAz and UB2.l3 Then, a standard deviation for the fit may be assigned: (5) In this expression, the term 0.1 represents u,Jv, the assigned systematic uncertainty for the flow profile factor q.'0,'4 The resulting f2ak(T). uncertainties are given in the figures showing the data for the individual reactions.
1688.
U~( T ) = k(T)[(ffA/A)2 -~U A B / A T + (ffB/T)' + (0.1)2]112
Results
The measured individual rate coefficients for reactions 1-3 and the conditions under which they were obtained are given in Tables  1-111 , respectively. It may be seen that these rate coefficients are, within the experimental scatter, independent of [MI, the average total concentration, P, the average pressure, 8, the average gas velocity, and the oxidant inlet to observation plane distance, Le., the observed reaction zone lengths of 10 or 20 cm.
The 40 rate coefficient measurements for the Al + C12 reaction, (l), between 425 and 875 K give k l ( T ) = 7.85 X 1O-Io X exp(-779K/ T ) cm3 molecule-' s-I with associated variances and covariance; cf. eq 4, uA2 = 2.31 X 10-2A2, ffAB = 1.45 X IO'A, and uB2 = 9.45 X lo3. For the A1 + HC1 reaction, (2), the 53 measurements from 475 to 1275 K result in k2( T j = 1.52 X lo-'' exp(-803K/T) cm3 molecule-' s-', with uA2 = 1.21 X 10-'A2, uAB = 8.98A, and ug2 = 7.24 X lo3. For the AlCl + C12 reaction, (3), the 60 measurements spanning the 400-1025 K temperature range yield k3(T) = 9.56 X lo-'' exp(-613K/T) cm3 molecule-' s-', with ffA2 = 7.38 X lw3A2, UAB = 4.49A, and uB2 = 3.01 X The magnitudes of the rate coefficients obtained at the low pressures used in this investigation indicate that the reactions are bimolecular. The paths given in eq 1-3 represent the only channels accessible from thermochemical consideration^.^ Reaction 1 was used as the AlCl production reaction for reaction 3 (see the Technique section), and thus the LIF experiments on the latter reaction confirm AlCl as a product species of the former.
A number of additional measurements were made" on reactions 1 and 2 at temperatures where the C12 and HCl equilibrium 103. dissociation exceeds 10%. These data were therefore not used in the above k( 7') calculations. However, no significant deviations from the extrapolated k,(T) were observed until about 1300 K. Further increases in temperature lead to a rapid decrease in k l values, indicative of Clz dissociation. The k2 measurements showed no such dropoff to 1715 K, the highest temperature investigated. It therefore is probable that the kl( 7') and k2( 7') expressions given are applicable at least up to these respective limits.
Discussion
The rate coefficients and the fit expressions are shown in Figures  1-3 . Within the scatter of the data, no definite curvature in the Arrhenius plots can be detected. Since the rate coefficients, especially those of reaction 1, are close to gas kinetic, no sharp upward curvature with increasing temperature would have been expected.
There apparently have been no previous experimental measurements of reactions 1-3. However, a theoretical study by Mayer et al., who used a modified BEBO method, predicted kl( 7) = 2.8 X 10-'310.67 exp(-6800K/7') and k2(7') = 5.5 X 10-'3T"0.67 exp(-3900K/ 7') cm3 molecule-' s-'.I5 These values are several orders of magnitude lower than measured here and predict too strong a temperature dependence. While the BEBO approach has led to agreement with experimental data for some H-atomtransfer reactions at 1000 K and above,lsJ6 for reactions involving metal atoms, such as Al, other approaches are needed. Figure 2. Rate coefficient data for the AI/HCl reaction: (-) rate expression fit of the data given in text; (---) 2 standard deviations to the fit of the rate expression as described in the text.
Al-Atom Reactions 1 and 2. The preexponential factor for reaction 2 is typical for atomic metathesi~."~ By contrast reaction
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The Journal of Physical Chemistry, Vol. 93, No. 3, 1989 1121 where al and a2 are the polarization volumes for the reactants expressed in units of cm3 and nl and n2 are the number of outer-shell electrons. The a values for A1 and clZl9 lead to c 6 = 4.25 X J m6 and hence rd2 = 0.87 nmz. We fit Eo to the experimental value of kl at 650 K and find Eo = 6.1 kJ mol-'.
With this value eq 9 agrees with the experimental fit to k,( r ) to within 15% over the temperature range studied.
We may now apply this simple collision theory to reaction 2. For calculation of c 6 for a system involving dipole-induced dipole forces, these forces are taken into account by an additional term?
( 1 1 ) where a is the polarizability volume of AI and p the dipole moment of HCl. Equations 10 and 1 1 yield contributions to the total c 6 coefficient of 2.48 X J m6, respectively. The resulting rd2 is 0.67 nmZ, which would imply a preexponential factor from eq 9 about 5 times larger than observed for reaction 2. The discrepancy may be due to effects from conservation of angular momentum. Gonzillez Ureiia et al. have shown that among exothermic atom-diatomic molecule reactions with low barriers, those that have a ratio of the reduced mass of the products to that of the reactants considerably smaller than 1 may have a reduced cross section and hence a rate coefficient smaller than predicted by eq 9.26 For reaction 2 this ratio is 0.063. This can be contrasted to reaction 1 , where this ratio is 1.2 and no angular momentum restrictions arise.z6
For the reaction heavy + heavy-light -heavyheavy + light the departing light atom carriers little angular momentum. Conservation of angular momentum requires therefore that the initial orbital angular momentum of the reactants, which is equal to ( 2~E~b z ) l /~, is almost completely converted to product rotational angular momentum. Here is the reduced mass of the reactants and b is the impact parameter. The product angular momentum is (2Z'E'R)1/z, where I r i s the moment of inertia of the diatomic product and EfR is its rotational en erg^.'^^^^ The largest momentum-allowed impact parameter b, is then given by bm: = ZfE'Rm/(~ET). The maximum rotational energy E'-reflects the energy disposal of the reaction. Here we shall assume E$,, = (?(ET + Q ) , where Q is the reaction exothermicity and j3 is the fraction of the total available energy that is partitioned into rot a t i~n ,~~ further assumed to be constant. Noting that Z'= b$, where r is the equilibrium separation of the heavy-heavy product molecule, i.e., AlCl,27 we can derive a cross section uAM which is restricted by angular momentum: 1 has a significantly larger preexponential, which is consistent with an electron-jump mechanism. The simple harpoon modells predicts that electron transfer will occur a t a separation r,, where 
Because b,,: is only weakly dependent on ET, we shall employ Plane and Saltzman's approximation and set d2 equal to bms: at the mean collision energy of the experiment^.^^ Integration of eq 7 over a thermal energy distribution yields the standard result:"
For reaction 1 c 6 is estimated via the Slater-Kirkwood express i~n :~~ uscT increases with increasing ET whereas uAM decreases, so that the cross section u reaches a maximum at a collisional energy E-, where
Integrating this u over a thermal distribution of ET yields a rate coefficient kAM that reflects the influence of angular momentum conservation: 44  44  43  44  31  36  36  36  41  41  40  40  37  38  38  38  40  39  39  39  37  31  38  38  31  37  31  37  52  53  53  53  82  82  82  82  52  52  52  52  51  51  51  51  38  38  38  38  35  48  48  48  48 Qualitatively, it may be seen that if E,,, is close to Eo (Le., @ is small) kAM(T) will have a similar temperature dependence to kSCT( T ) but a smaller preexponential factor.
We have calculated kAM( T ) for the reaction AI + HC1 using literature values of Q = 71 kJ mol and r = 0.213 nm9 and find agreement to within 5% of the experimental fit expression when Eo = 8.3 kJ mol-I and fi = 0.12. These values correspond to E,, = 10.4 kJ mol-'. AlCl Reaction 3. The measured preexponential of reaction 3, 9.6 X lo-'' cm3 molecule-' s-I, is large compared to other metathesis reactions between diatomic reactant^.'^^ This factor, combined with the low activation energy, is consistent with there being a harpooning component to the mechanism: application of the electron-jump model used for reaction 1 with IP(AlC1) = 9.4 eV9 yields u = 0.092 nm2 at 700 K. The experimental value is similar but somewhat smaller, 0.060 nm2. We may further view the large preexponential of k3( r ) in terms of the reverse reaction. The equilibrium constant is approximately 2.6 exp( 127OOKlT) over the range 400-1000 K,9 which implies k-,(T) = 4 X exp(-l3300K/T). This preexponential factor is reasonable for an atomic rnetathe~is.'~~ General Observations. Reactions 1-3 have large cross sections and are therefore suitable candidates for molecular beam studies, the results of which could permit a more quantitative collision theory interpretation of reactions 2 and 3. Further theoretical development is also desirable to satisfactorily describe these reactions.
It is interesting to compare k(T) for the AI + C12 and AI + HCl reactions to the k = 3.4 X lo-" cm3 molecule-' s-l, independent of temperature from 300 to 1700 K, obtained for the AI + O2 reaction.6 That reaction apparently goes through an intermediate complex, which preferentially dissociates to the original reactants.'V2v6 The positive temperature dependence of reactions 1 and 2, as well as their larger preexponentials, indicates that no such complex is formed in these C1-transfer reactions. Similarly, k3( T ) may be compared to the k( T ) of the AlCl + O2 and AlCl + COz reactions of 1.3 X exp(-16100K/T) from 490 to 1750 K4 and 2.5 X lo-'* exp(-7550K/T) cm3 molecule-' s-l from 1175 to 1775 K,5 respectively. All three reactions have positive temperature dependences, but the CI-transfer reaction 3 is, in the observed temperature regime, more than 2 orders of magnitude faster than the other two reactions.
